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INTRODUCTION

In this memo we will be concerned with how the environment generated
by the Defense Nuclear Agency's AURORA flash x-ray machine compares with that
expected in an actual tactical source region environment. Our primary interest
in making this comparison is to evaluate the role that AURORA can play as a
source region simulator for tactical systems of interest to the U.S. Army.
Here we will not discuss IEMP problems where the Compton electrons from AURORA
drive the fields inside of a piece of equipment. Instead, our concern will be
with the fields generated in the AURORA room itself and how, for example,
various antennae might respond to those fields.

There has been some question in the past about the need to modify or
enhance the electric fields in AURORA to make them more realistic. We will
address this question in detail and make comparisons between the unmodified
AURORA environments and a “typical” source region environment. The compari-
sons will be made with regard to the generation mechanisms as well as with
regard to the fields themselves. The fields will be compared in both the
frequency and time domain. Since many systems respond primarily to the time-
rate-of-change of E and B, we wil) also make comparisons with these quan-

tities.
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THE TACTICAL SOURCE REGION

The term "source region" is used to distinguish the volume around a
nuclear burst, which contains the sources of the EMP - y-rays and neutrons,
from the volume beyond it which just contains the electro-magnetic fields that
propagate from the source region. The inner edge of the source region is the
burst point. The outer edge is not well defined since the sources decay
exponentially and theoretically have a finite value everywhere. Various cri-
teria for what constitutes the outer edge of the source region for surface and
near surface bursts have been proposed.! They are usually based upon compari-
sons between the displacement currents and conduction current or on a 1/R fall
off of the fields with range. Generally the source region is considered to
extend 2 or 3 km from a surface or near surface burst. Here we are not really
concerned with the outer edge of the source region. Rather, we wish to ex-
amine the U.S. Army's criteria for defining the inner edge of the source
region for tactical systems - what we call the tactical source region.

Source regien environments can generally be divided up into two
types - strategic and tactical. The strategic source region is generated by a
large yield burst - in the megaton range. Strategic systems are often buried
and designed to survive in close to such bursts. The air above them is ex-
posed to dose rates in the 1012~1013 rad/sec range. The air conductivity can
reach 2 mho/meter or more which is well above typical soil conductivities
(1072 to 10”3 mho/m).

The tactical source region is generated by lower yield bursts—say
below 50 kT. Also tactical systems are usually on or above the ground and so
can not survive in very close to a nuclear burst. The inner edge of the
tactical source region is determined by the system (or human) vulnerabilities
to wevion effects other than EMP, such as blast and shock, thermal radiation,
or initial gamma and neutron radiation. The army uses a balanced hardening
approach which simply states that if a system and its crew can survive these
other nuclear weapon effects it should not fail due to EMP.2




Thus, the inner edge of the tactical source region ends up not being
defined in terms of maximum E-fields or currents but rather in terms of over-
pressure or thermal radiation. This makes it difficult to define an EMP en-
vironment at the inner edge of the source region since the scaling with yield
and range for the EMP sources is different than that for these mechanical
effects. This is especially true for exposed personnel where thermal radi-
ation is the dominant effect for yields over 1 kt.

For persons protected from direct thermal radiation, by trucks or
signal shelters for example, the inner edge of the source region is determined
by early transient incapacitation (ETI) of the crew due to exposure to nuclear
radiation from a burst. ETI is a temporary inability to perform a task.
Doses in the 2000 to 5000 rad range produce almost immediate incapacitation.3

If one uses ETI to define the inner edge of the tactical source
region there can be some correlation between the dose level selected as the
highest a person can be exposed to and the tactical source region environment
since the sources of the two effects are related. Early transient incapaci-
tation is determined by the immediate neutron and y-radiation that which comes
out in the first few seconds. Typically 3 percent of the yield is in such
radiation.3 The EMP is driven by the prompt y-radiation - that which comes
out in a fraction of a p-second. Typically 0.1 percent of the yield is in
prompt y-radiation. Additional radiation sources continue to generate a
significant EMP out to times of a millisecond or more but here we are pri-
marily concerned with the eariy time peaks where the fields and sources are
strongest and changing most rapidly.

The ratio between the immediate and prompt radiation sources can
vary considerably as a function of yield and device design. In some cases the
EMP at the man survivability range from a small yield burst can be more stres-
sing than that from a larger yield burst. But, in spite of this variability,
it is useful to have a specific environment to refer to. Following Reference
4, we take 50 kT yield as the upper 1imit for weapons of tactical interest and




assume that 3 percent of the yield is in initial neutron and y-radiation. A
typical mean free path (A) at sea level for such radiation is 3><104 cm. Using
the fact that 1 kT equals 4.18XI019 ergs; 1 rad = 100 ergs/gm, and
p= 1.23><10'3 gm/cm3, we find that the immediate dose at a radius r is

D = ¥x0.03x4.18x1018 o™/
) | 100x4nr2pA
|

D = 1.35x10%° e ™A/r2 rads

Table 1 shows the immediate dose as a function of range from this hypothetical
device. Since doses in the 2000 to 5000 rad range produce almost immediate
incapacitation, the inner edge of the tactical source region is limited to
somewhere between 1.0 and 1.5 km. Figures 1 through 3 show how the peak

) values of various parameters of interest vary with range from a 50 kT burst.
The results were generated with the Mission Research Corpoation - Harry Dia-
mond Laboratory interactive EMP coupling code MODELC.® The code uses

i Table 1. Immediate dose as a function of range for 50 kT yields.
RANGE IMMEDIATE DOSE
0.5 km 102,000 rads
0.8 km 14,700 rads
1.0 km 4,800 rads
1.2 km 1,700 rads
; 1.5 km 400 rads 1
;;fi 2.0 km 40 rads
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analytic approximations and 1-D numerical integration algorithms to solve for
quantities at the ground-air interface. The MODELC equations assume a per-
fectly conducting ground. A water vapor content of 1 percent was used for
these examples. Only peaks before 1 psec were considered.

In Figure 1 we have plotted the vertical and radial electric fields
along with -cB¢ for ease of comparison. All quantities have units of volts/
meter. To convert cB, to Amps/meter just divide by the impedance of free
space, 377 Q. Inside about 1500 meters the magnetic field dominates because
air conductivity 1limits the electric fields. Beyond 2000 meters the trans-
verse magnetic and electric fields peak at near their free space ratio which
indicates that local air conductivity is not too important, at least for peak
values. Note that the propagated fields, B¢ and Ee, do not fall off with
range as fast as Er which is driven by the local sources.

The Er shown here includes the radial Compton current and con-

duction current but neglects the curl B term. It is the Er that would
exist in the absence of the ground and can be considered as a reasonable

upper limit to the radial electrir field near the ground.

The peak Compton current and air conductivity graphs (Figures 2 and
3) indicate that there is a much larger variation with range for these quan-
tities. Note that the peak air conductivity between 1000 and 1500 meters is
in the 10'4 range which is below the conductivity of most soils. The total
immediate dose we estimated above has nearly the same radial dependence as the
Compton current. Multiplying the current in Figure 2 by 100 gives an estimate
of the immediate dose.

For a specific environment we select 1200 m from this 50 kt device
as a reasonable inner 1imit to the tactical source region. The immediate dose
is estimated to be 1700 rads at 1200 meters. Figures 4 through 6 show the
time history of the magnetic field, the vertical and radial electric fields,
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Compton current, and air conductivity out to 1 usec. Note that the magnetic

field stays high and in fact continues to increase somewhat after the peak in
the Compton current at 0.12 usec. The vertical electric field, on the other
hand, peaks at about the same time as the Compton current and then falls to

near zero before starting to rise again at late times.
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SOURCE REGION EMP GENERATION MECHANISMS

The EMP environment jin AURORA and other flash X-ray machines is
quite different from that generated by a nuclear explosion. The differences
are not just in magnitude, they are fundamental consequences of the differ-
ences in geometries. To really understand the shortcomings of EMP simulations
one must first understand how the nuclear EMP is generated and how that is
different from the EMP generation process in a simulator such as AURORA.

The basic geometry of a surface burst is best treated in spherical
coordinates. The polar angle, 6, is measured from the vertical. Because of
the azimuthal symmetry only Er and Ee* components of the electric field are
generated. An azimuthal component of magnetic field, B,, is also generated.

¢)
The relevant Maxwell's equations are:
o8
—2=-.123 1.9
st - " ror ()t Ey (1)
Jt 2
~2=-.c 2 .8. ¢
at r ar (rB¢) € & Eo (2)
13 2 J
r-_¢ __ .9 - r.c
3t " rsTha o8 (S1M9By) - g Ky Q)

The initial source of EMP from a surface burst is the gradient in
the radial Compton current, Jr’ at the ground-air interface. In the air away
from the ground

t
f J

Er ~ - dt (4)
0

e

()

X At the ground, - Ee is equivalent to Ez in the previous graphs.
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at early times. In the ground Jr is zero so Er is small. For simplicity
we can consider the ground to be a perfect conductor and set Er to zero.
This ©-gradient in Er generates a magnetic field through the last term in
Equation 1. The BQ generated by Er varies with height so it couples back
into the Er equation through the aa¢/ae term causing the disturbance to
propagate upwards at the speed of light.

3 ‘ The initial Compton current pulse is generally only a few tens of

: nanoseconds wide. Thus at a fixed instant in time there is a large radial

variation in Jr over a length of 10 meters or less. The spacial gradient

due to the time rate of change. of the Compton current is much larger than the

spacial gradient associated with the gradual fall off of intensity with range

which has a gradient length of about 250 meters. The radial variation in B¢

drives Ee according to Equation 2. Ee varies with the height and radius

since B¢ does. The radial variation in Ee couples back into the B

equation and causes a wave to propagate in the r-direction at the speed of

; lTight. The outgoing waves travel in phase with the y-pulse and so the signal

. at a given radius has contributions from all the inner radii at very early
times.

E .

Since the Compton current is largest at the inner radii, the fields
at a given radius are most strongly driven by waves launched close to the
, burst point. This situation holds until the air conductivity builds up to the
{ point where it attenuates the waves generated at the smaller radii enough to

’ make up for their larger initial amplitude. To be effective the conductivity
only needs to attenuate the wave somewhat faster than the y-pulse is being
attenuated. Conductivity damps an electric field with an e-folding time of

e /o0 or a distance of Z/tJZo where Zo = 3770 is the impedance of free

0
space. Assuming an attenuation length of 250 meters for the y-pulse we find

S 0, = 2/(250x377) (5)

g = 2x10™° mho/m (6)

20
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This relatively low level of ionization is reached very early in the
pulse at the inner radii. It only requires a dose of about 1 rad in less than
10 nanoseconds or a dose rate of about 108 rads/sec. Referring to Figure 6 we
see that the 2><10'5 mho/m level is reached at 1.2 km at about 60 ns (retarded
time). Figure 3 shows that peak conductivities in excess of 2><10'5 mho/m
extend out to about 1.8 km. When the conductivity at a point reaches a few
times 2><10'5 the point is electromagnetically isolated from other distant
points.

So at very early times the EMP at a fixed radius is generated pri-
marily from regions closer to the burst. This is what Longmire® refers to as
the wave phase. As the conductivity begins to exceed ZXI0°5 mho/m at the
inner radii, their contribution to the EMP at the larger radii decreases. The
EMP keeps increasing but not as fast as before. This is what Longmire refers
to as the attenuated wave phase. When the conductivity reaches 2><10'5 mho/m
at the actual radius where the EMP is being computed the contribution from all
inner radii are being damped, and the EMP is being generated locally. Long-
mire calls this the A-saturation phase.

During these phases the conductivity is high enough that the attenu-
ation length is smaller than 250 meters but not high enough that the displace-
ment current is small compared to the conduction current. Consequently the
radiated fields, Ee and B¢ , have nearly their free field ratio of c¢. The
conduction current and displacement current become comparable when the relaxa-
tion time, eo/o, is comparable to the rise rate of the electric field. If we
take as a rise time 5><10'9 seconds the value of sigma is

04 = 2x10"3 mho/m

This is the onset of what Longmire refers to as the diffusion phase. In the
diffusion phase the electric field saturates and begins to fall while the

21




magnetic field keeps increasing. Eventually the ratio of E6 to B¢ becomes
much smaller than the free field value of c¢. Referring to Figures 1 and 2 we
see that the ratio of peak Ee to peak B, is smaller than ¢ out to about
1300 to 1400 meters. At 500 meters the ratio is only about 0.1 c. The peak
value of sigma exceeds ZXIO'a out to a range of about 900 meters for the 50 kT
case we are considering.

The inner edge of the source region, as we have defined it here, is
well into A-saturation at the peak in the y-pulse but not quite into the dif-
fusion phase. Thus during the rise of the pulse we would expect Ee to be
about equal to cB¢. At the peak in the y-pulse B¢ stops increasing as fast
as it was during the rising portion of the y-pulse. To see the behavior of B
we examine Equation 3. Near the ground-air interface both cEr and the
radial displacement current are small because of the shorting effect of the
ground. Then

n/2

B J, rde (7)

0~ " Ho
el

where we have set sind = 1 near the ground. Thus
B¢ = po Jrﬁ (8)
where & = r(n/2-6') 1is the effective distance above the ground over which Er

is reduced due to the presence of the ground-air interface. This is approxi-
mately a skin depth

§ = e (9)




Above a skin depth the charge carried outwards by the Compton cur-
rent returns to the burst area as a conduction current through the air.
Within a skin depth of the ground the current flows to the ground and returns
as a surface current. 6 is about 3 meters at the peak of the y-pulse for the
1.2 km example we have been considering. The magnitude of B¢ depends upon
both Jr and the skin depth &. During the rise in the y-pulse both Jr and
o are increasing at about the same rate and t 1is a constant related to the
rise time of the Compton current. Thus B¢ increases like the square root of
Jr'

After the peak in Jr’ both Jr and o begin to decrease at about
the same rate, which would tend to cause 80 to decrease also. But for a
decreasing pulse t 1is no longer a simple constant assocated with the ex-
ponential rise or fall of the pulse. Instead 1t varies roughly like the
time. Since Jr falls like 1/t, the skin depth increases about as fast as
J.. decreases. The net effect is that B¢ remains fairly constant after the

r
peak in Jr and o as shown in Figures 4, 5, and 6.

Ee also behaves differently after the peak in Jr' After the peak,
the slow rate of change in B0 reduces the displacement current to the point

where the conduction current dominates it even for o as small as 10.4 mho/m.
Thus Equation 2 becomes approximately
a(rB,)
-1 _— ¢
GEB = pr or (10)

The spacial variation in B, 1is still largely due to its time dependence so
we can replace derivatives in r with derivatives in time giving

o8
1
EO L -(233)—5% (11)
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where Zo is the impedance of free space. Thus Ee tends to be inductive
and follows the time derivative of B¢. The displacement current is not
completely negligible however, so Ee deviates somewhat from Equation 11
especially right after the peak.

At times on the order of several microseconds B, 1is changing so
slowly in time that the actual spacial variation in B¢ due to the attenua-
tions of the drivers is important and Ee becomes less dominated by the time
derivatives of B¢. Also the skin depth increases to the point where almost
all of the available radial current flows back along the ground-air interface.
Once this occurs B¢ must decrease as Jr continues to decrease.
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AURORA

The AURORA flash X-ray facility has been used by the Harry Diamond
Laboratories (HDL) as a tactical source region simulator. They have been
supported in their efforts by Mission Research Corporation (MRC). It was
apparent from the beginning of our efforts that some way would be needed to
enhance the electric field produced in the AURORA test cell for it to be use-
ful as a tactical source simulator.’ Several schemes were devised and some
were implemented.’>8,° Modification to the transmission line design in Ref-
erence 8, suggested by HDL, should provide the capability of generating a
rapidly rising, threat like, electric field in AURORA.

In our haste tu design methods of enhancing the electric field in
AURORA, we have neglected to explain fully why the naturally occurring fields
in AURORA are inadequate. While some may feel it is obvious, others may not.
Also, it is important to understand why they are different from the threat
fields. Consideration is being given to designing bigger and faster source
region simulation facilities. Understanding AURORA's limitations will help in
evaluating the usefulness of these proposed simulators and any modifications
that might be made to upgrade AURORA.

Another reason for understanding how the fields are generated in
AURORA is that we do a poor job of computing the electric fields using ap-
proximations generally used to predict the fields in the nuclear environment.
This could cast doubt upon our ability to predict fields in a nuclear environ-
ment. It is important to show that we understand why the approximations break
down and that the reasons are peculiar to AURORA like simulators. This issue
may be important enough to justify a more costly computational technique which
can treat the AURORA geometry more accurately.
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COMPTON CURRENT IN AURORA

The AURORA fields are generated by four brehmstrahlung sources lo-
cated about 70" (1.778 m) off of the floor of the AURCRA test cell. The test
cell is 20 meters long, 4.57 m high, and 13.7 m wide. Figure 7 shows examples
of Compton current measurements made in the AURORA test cell using a light
weight, directional, Compton current sensor designed by MRC.1% The design has
been modified somewhat from that described in Reference 10. The main dif-
ference was that the wiring was arranged into a Moebius loop configuration,
like that used by Baum,l! which gives better noise rejection and doubles the
output voltage. Also, the solid outer skin was replaced by a thin screen
mesh.

In Figure 8 the AURORA Compton current pulse is compared with the
threat Compton current pulse. By choosing the correct location in the AURORA
room, one can adjust the amplitudes to agree gquite well. The Compton current
in AURORA is given approximately by

J = 620 cos8/RE  A/mP

(12)

The constant is adjusted to give good agreement with a 90 kV charging voltage.
The range R is measured from the "hot spot" which is located 70" (1.778 m)
off the floor on the front wall of the room. The angle 6 1is measured from
the normal to the front wall through the hot spot.

This expression for the Compton current neglects the fact that there
are really four separate photon sources located in a square array 2.5 ft
(76 cm) on a side. We had felt that the computation of the fields in the
AURORA room was not sensitive to the fact that there were four sources as long
as one was more than a couple of meters from the hot spot.!? Chadsey et all3
and Tumolillo et all4 showed that results near the hot spot were sensitive to
the four sources. Reference 13 implied that it was important to model them
throughout the room.
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Our opinion, that a one source model was adequate, was reinforced by
the excellent agreement we obtained between the measured and observed surface
magnetic fields as reported in Reference 12. The improvement was obtained by
slightly modifying the conductivity gradient near the hot spot - at least we
thought it was.

Unfortunately it turned out that the change was the result of a
computer error that introduced a small, artificial, divergence of Compton
current. As we shall see later, the results are very sensitive to even a
small divergence of Compton current. Only the results plotted in Figures 7
and 8 of Reference 12 were affected by the error.

In our effort to improve our computation of the fields and currents
in AURORA we developed a four source model for use in the AUR3D computer code.
As we shall see later, the four source model gives excellent agreement to the
measured surface currents. The equations for the four sources are easily
treated with a computer but they make the analysis we need to perform next
unduly messy. We will therefore use the one source model (Equation 12) in our
analysis.

Using Equation 12 we see that the threat Compton current of 19 A/m2
would occur about 5.7 m from the hot spot on the centerline through the hot
spot. On the floor, to get a horizontal Compton current of 19 A/mz, one would
have to be at a distance of 5.1 meters. At this distance there would also be
a vertical Compton current of 6.6 A/mz. In the sample threat environment
developed above, there was no vertical component of Compton current because we
were considering a surface burst. We neglected the small amount of Compton
current which would be generated by the electric and magnetic fields turning
the horizontal Compton current. Thus AURORA more nearly simulates a near
surface burst than a surface burst. If this were a major disadvantage one
could install a ground plane at the height of the hot spot and conduct experi-
ments on that plane rather than on the floor.
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The major shortcoming of AURORA is not the amplitude of the Compton
current, indeed it is more than adequate. It is the slow rise of the pulse
that is the problem. The differences are apparent in Figure 8. AURORA has
Compton current rise time of about 80 ns. Our threat Compton current rises in
about 15 ns. The differences are also apparent in Figure 9 where the Fourier
transforms of the two pulses are compared.
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Fourier Transform of Compton Current (A/mZ/Hz)
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Figure 9. Fourier transform of Compton currents shown in Figure 8.

The threat transform from MODELC contains much more
high frequency than the AURORA pulse.




MAGNETIC FIELDS IN AURORA

The surface magnetic fields in AURORA were measured at a variety of
locations in the AURORA test cell by HDL. The results of these measurements
and comparisons with AUR3D computations were made in Reference 12. A model
for the currents was developed and presented in Reference 15. Here we will
present a simple way to estimate the surface currents to show how they differ
from the threat case even though the amplitude of the Compton current is
comparable.

Recall that in the threat environment the surface magnetic field is
given by

H¢ =J.8 A/m (13)
where
8 = Jt?poo (14)

is a skin depth. In other words the surface current density is just the
volume current density times the height over which the surfaces collect the
volume current density.

To calculate the skin depth in AURORA we take Tt ~ 8XI0°8 seconds.
The peak air conductivity varies roughly like

o = x10"2/R% (15)

so the skin depth is

§~1.4R m (16)




At a distance of 5 or 6 meters, where the Compton current is at about threat
magnitude, the skin depth is larger than the height of the AURORA test cell
(4.57 m). It is clear that the surface magnetic field in AURORA cannot be
defined by Equation 13 since there is not a full skin depth of Compton current
to collect. Instead we use

i ' Ho=J_ ¢ (17)

where £ 1is an effective collection height. For our simple model we can just
assume that the floor collects all the Compton current below the hot spot. So
the effective length is 1.778 m. Thus we can approximate the surface magnetic
field in AURORA with

620
HX = -EZ x 1.778

H = 1100/R2  A/m (18)

Figure 10 shows how this simple equation compares with the measured surface
currents. A surface magnetic field in the x-direction (across the room)
corresponds to a surface current in the y-direction (along the length of the
room). The data are indicated with triangles. The dashed straight line is a
plot of Equation 18. The agreement is quite good except in very close to the
source where the simple model breaks down. The solid curve in Figure 10 is
the surface current computed with the four source version of AUR3D. The
agreement is excellent at all ranges and is much better than was obtained from
the simple one source model used previously Figures 11 through 14 compare
measured surface currents in AURORA with those computed with the four source
| .- AUR3D model and the single source AUR3D model used previously (Reference 15).
In Figure 15 we show some typical surface current measurements made by HOL in
the AURORA test cel). Also shown are the AUR3D results at nearby points.
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Figure 10. Comparison between data (A), four source AUR3D model (solid
5 line) and simple model based on Equation 17. Data points are
| on floor at x = 0. A surface current density in the y-direction
(down the length of the room) corresponds to a surface magnetic
field in the minus x-direction (across the room or to the left
standing at the hot spot facing the rear of the test cell).
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Again the agreement is quite good. The excellent agreement with the four
source model at such a wide range of location suggests that we have reasonable
good model for the Compton current sources in AURGRA. The agreement with
simple theories shows that we understand the mechanisms which determine the
surface currents.

In Figure 16 we compare a computed AURORA pulse with that computed
for the threat environment. As expected, the threat pulse rises faster and
remains higher at late times. Also, the threat pulse is higher for the same
peak Compton current. To get about the same peak surface current in AURORA,
we had to move in to a distance of about 3 meters instead of 5 meters where
the Compton currents are comparable. In Figure 17 the Fourier transforms of
the two pulses are shown. As one would expect, the threat pulse has a larger
amplitude at both low and high frequencies.

The differences between the currents in AURORA and in a threat
environment are in part due to the slow rise of the AURORA pulse and in part
due to the limited size of the AURORA test cell. If the AURORA pulse rose
faster, the skin depth could be smaller than the room dimensions and the
magnetic field would be correct at early times. However, even if the rise
time were perfectly realistic, the finite extent of the source would eventu-
ally limit the surface magnetic field. If there were no top on the AURORA
test cell, the surface current on the floor could be increased, but the col-
lection height would still be limited to something 1ike the distance from the
source or about 5 meters in the case of AURORA. In our threat environment the
collection height extends up to 1200 m at late times.

Since the collection height in AURORA is essentially constant, the
surface magnetic field follows the Compton current during both its rise and
fall. In the threat environment the magnetic field rises slightly slower than
the Compton current on the rise since the skin depth is gradually decreasing.
But after the peak in the air conductivity the skin depth increases and the
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Fourier Transform of the Surface Magnetic Field (A/m/Hz)
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Figure 17. Comparison between the Fourier transforms of the surface
magnetic field shown in Figure 16. Note the lack of high
frequency content in the AUR3D results.
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surface magnetic field continues to increase and maintain a large value even
though the Compton current decreases significantly. Only after times on the
order of about 20 p-seconds does the surface magnetic field fall. This occurs
when the skin depth is comparable to the radius of the observer. A further
increase in the skin depth does not increase the surface current because

all of the Compton current is already being collected. Any source region
simulator will face this problem, it is not peculiar to AURORA.

43




ELECTRIC FIELDS IN AURORA

For most of the system applications that HDL is considering using
AURORA for, the electric field is the dominant driver of the system. It was
shown above that the surface magnetic fields in AURORA had threat level ampli-
' tudes although the pulse shape was not very realistic. One might expect that
| , the electric fields in AURORA would also have threat level amplitudes. Un-
fortunately they are about an order of magnitude too small. Also, one might
expect that since our calculations of the surface magnetic fields are so
accurate, we should be able to accurately compute the electric fields in
AURORA. Unfortunately that is not the case as we shall see below.

In order to understand why the electric fields in AURORA, both
measured and computed, are much smaller than the threat fields we will develop
a simple model for estimating the electric fields in all three cases. The
starting point for the model is Poisson's equation:

i 803-2 = p. (19)
' Using Gauss's law we can relate the surface normal electric field, EZ, to the
? charge in the air above the surface:
=L
EZ £, L, (20)

where £ 1is a length to be determined. This simple model assumes that near
the surface the fields are nearly vertical.

Taking the divergence of Equation 2 and using Equation 19 we obtain
P an expression for p:

| TSR RR LR (21)
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The op/so term is not a source term for creating charge. It acts to relax
any charge built up in a time of eo/o. Taking 8><10'8 seconds as a charac-
teristic time in AURORA, we see that the relaxatior term will be important in
AURORA when o exceeds about 10'4 mho/m. In the threat environment the
characteristic time during the rise of the pulse is more like 10'8 seconds so
c must get up to about 8:(10-4 mho/m for the relaxation term to dominate.
After the peak in the Compton current the relaxation term can be important at
lower conductivities.

The E-Vo term actually generates a space charge. To see this
imagine a volume in space with a uniform electric field. Assume that the
conductivity is higher on one side of the volume than on the other. Then more
conduction current will flow into the volume on the side where o 1is high
than flows out on the side where it is small. This leads to an accumulation
of charge in the volume. In AURORA the initial radia) electric field is posi-
tive. The conductivity decreases with distance from the sources so Vo is
negative. Thus E-Vo term tends to generate a positive space charge for as
long as E-radial stays positive. In AURORA of is somewhat smaller than J.
As we shall see below the length scale for the divergence of J is about
25 meters. So for the E-Yo term to be important the gradient length for Vo
would have to be somewhat smaller than that or say about 5 meters. Actually
the importance of the term is reduced even further because t and Yo are not
parallel. It is important in the first 3 m or so of the AURORQ room.

In the threat environment the gradient length for o is related to
the attenuation length of the Compton current which is about 250 meters. Thus
the E-V0 term is negligible for the threat environment.

The ¥.J term can be divided into two parts. Even if the spacial

variation of the Compton current is divergence free, thera2 is still a diver-
gence ¢f J from the time variation of J. To see this picture a volume in
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space in which a spacially uniform Compton current flows. If J is increas-
ing in time more current will have entered the front of the volume than has
left the rear of the volume leading to an accumulation of charge. For this
retarded time effect we can write

$3=-1 %2— (22)

In AURORA the time derivative of the Compton current is about an order of
magnitude smaller than for the threat at the same peak amplitude.

A second source of a divergence of J occurs if the spacial vari-
ation of J is divergent even at a fixed retarded time. For our AUR3D code
calculations we assume that the Compton current at a point is proportional to
the photon flux at that point. The only spacial divergence is due to the
attenuation of the photon flux as it is absorbed by the air. The attenuation
length for this is about 250 meters as in the threat case. It is much longer
than the room dimension of 20 meters. It is also much larger than the ct
length of 25 meters associated with the time variation of the Compton current
discussed above.

Unless one takes special precautions an artificial divergence of J
will be generated in computer codes used to solve for the fields in the AURORA
test cell. (In fact, it can happen even if you think you are being careful
-as it did to us in Reference 12.) We average J over the whole face of each
finite difference cell to keep the spatial divergences small in the AUR3D code.

Over the buik of the AURORA room we assume that

3 ,op  13J
St e ~cst (23)

This is a good approximation in the threat environment and we assume it is in
the AURORA test cell.
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At early times the air conductivity is negligible giving

p~%s (20)

$O we have
Ez = Z°J2 . (21)
where we have used

Z, = 120n = l/eoc (22)

In the threat environment 2 is just a skin depth. Thus Ez’ like
B¢, is proportional to the radial Compton current times the skin depth. In
fact the ratio between the two is the speed of light as one would expect at
low levels of air conductivity. In AURORA the appropriate length is the dis-
tance to the center of the space charge which is only 1.778 m, much less than
a skin depth. In AURORA we would expect the early time surface normal elec-
tric fields to be pointing in, towards the negative charge in the room, on all
surfaces including the floor and ceiling.

We can estimate a maximum value for the vertical electric field in
the absence of air conductivity using Equations 12 and 21 and 2 = 1.778 m:

5
. 4.2x10
EZ = —R2— V/m . (23)

Thus, even in the absence of air conductivity, we would not expect threat
level fields (> 30kV/m) in AURORA beyond 4 meters from the hot spot. At a
distance of 10 meters the E-field would be down to 4.2 kV/meter.
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If the air conductivity increases beyond 10-4 mho/m or so, the
conduction current will significantly reduce the charge in the air. If the
conductivity term dominates then

™

= 0 3J
P= 535t ° (24)
and
- 23
B2 = 5c 5t (25)
Taking 2 =1.778 m, cAt~24m, ando =% Opeak gives
E, ~ .14 (J/")peak (26)

The exact value of J/o varies depending upon field strengths and the water
vapor content of the air. A typical value is 30 kV/m. Thus we could expect

Ez = 4.3 kV/m (27)

in AURORA. Note that Equation 27 predicts that the peak value of E does not
depend upon the location in the AURORA test cell as long as the conductivity
is high enough that Equation 24 is satisfied.

In the threat environment the air conductivity term is not as impor-
tant as it is in AURORA because the pulse rises so much faster. At the peak
air conductivity, 3.5x10.4 mho/m, the relaxation time is still 2% ns. This is
short enough to cause a rapid drop in E but not enough to cause a sign
reversal.

This model suggests that the electric fields generated by AURORA
could be made larger by increasing the rise rate of the pulse. Also E could
conceiveably be increased by removing the ceiling so that the floor would
collect a greater height of charge. This would probably not be feasible at
AURORA but should be considered in any new facility.
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Figure 18 shows the electric field computed at several locations in
the AURORA test cell. It is seen that the peak amplitude is fairly constant.
The peak magnitudes are in good agreement with our simple model. As predicted
by Equation 25, the electric field peaks on the rising part of the Compton
current pulse where 3J/3t is large. The electric field is small near the
peak in the Compton current because 3J/9t is small and the air conductivity
is large. After the peak in the Compton current the electric field goes
slightly negative because 3J/dt 1is negative. The negative excursion is
smaller than the initial positive peak because the AURORA pulse falls more
slowly than it rises. Also, the positive peak is enhanced somewhat by the
charge that accumulates before o builds up. The field stays negative at late
times because the falling air conductivity traps charge in the room.

Figure 19 shows examples of electric fields actually measured in the
AURORA test cell. They bear almost no resemblance to the fields computed
using AUR3D. The peak magnitudes are not far off but the measured E-fields
follow the Compton current. They peak when the AUR3D fields are near zero.
The discrepancy is not due to a coding error. The above analysis shows that
the computed fields are quite reasonable given the sources used by AUR3D.

The most likely explanation for the discrepancy is that there is a
significant spacial divergence in the Compton current. The Compton electrons
generated by the MeV range photons in the AURORA test cell have a range of
about 1 meter. The Compton current at a point in the test cell is the vector
sum of the current from individual Compton electrons born within an electron
range of that point. If the photon flux varies significantly over the range
of a Compton electron, errors can be generated if one assumes that the Compton
current is proportional to the photon flux at that point.

In the threat environment the part of divergence of J related to
the retarded time effects has a length scale c¢t ~ 3 m. The photon flux
varies over a length of 250 m so one is safe in assuming that the Compton cur-
rent is proportional to the photon flux.
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In AURORA the length scale ct is more like 24 m. The source in-
tensity varies roughly like the distance from the source. A deviation from a
divergence free Compton current with a length scale of only 10 m or so would
be sufficient to explain the observed E-field behavior. If the gradient
length is L then

v-d ~ J/L (28)
and
J g
E~al (29)

Taking J/o ~ 30 kV/m and £ ~ 1.778 m we see that if L =10 m, Ez would
be large enough to explain the observed fields. Note that a spacial diver-
gence of J leads to an electric field for which of « J and not 3J/dt as
was computed with AUR3D.

One can in principle compute the Compton current at a point from a
given photon flux without assuming that the two are proportional. The usual
techniques involve injecting large numbers of Compton electrons and following
their trajectories as they scatter and slow down. The cost of doing this in
3-D can be quite expensive. A recently developed fluid like treatment of
SGEMP electrons may provide a less expensive method for computing accurate
Compton currents. 18

The costs of doing this needs to be traded off against the fact that
the AURORA fields will most 1likely not be used to drive various systems.
Field enhancement techniques such as low impedance transmission lines are more
likely to be used. The benefits of performing the calculation would be to
verify that one can indeed compute the AURORA fields and that there are no
fundamental physical processes involved that would impact our ability to
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accurately predict fields in a nuclear environment. The computations would
also be useful if one were considering modifying AURORA to enhance its per-
formance. This ¥-J effect is a fundamental limitation of any simulator
although it would be reduced in significance if the pulse rose faster.

It is interesting to note that close to the AURORA source, where
t-¥o dominates the ¥-J term, AUR3D does a much better job of fitting the
data as shown on Figure 20. Note the double peaks observed in both the data
and code results. The addition of a source following the shape of the Compton
current pulse is still needed to get the agreement to be satisfactory.

The measured surface normal electric field in AURORA is compared
with the threat field in Figure 21. The measured field is about a factor of
five smaller in peak amplitude and has a much slower rise. This is shown
clearly in Figure 22 where the Fourier transforms of the two wave forms are
compared. The lack of high frequency content in the AURORA pulse is evident.
The rapid variation in the high frequency part of the transform of the data is
an artifact of the digitizing process.

Many objects of interest respond to the sum of the displacement
current, eOE, and the conduction current oE. For example, this is the domi-
nant drive of the whip antennas HDL has been testing in AURORA. In Figure 23
the two currents and their sum are shown for the threat environment. The
displacement current is bipolar and dominates at early times. It has a peak
value of 14 A/mz. The conduction current dominates immediately after the peak
in the electric field and has a peak value of 10 A/mz. At lator times the two
currents oppose each other and are nearly equal. The displacement current is
slightly larger in magnitude.

Figure 24 shows a similar result for AURORA, on the floor 4 meters
out from the front wall. The displacement current, shown as a dashed line,
peaks at about 1.5 A/m2 or about an order of magnitude smaller than that for
the threat case. The conduction current peaks at 34 A/m2 which is more than
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three times threat level. The reason for this is that we are in so close to
the AURORA sources that the peak air conductivity is 4.SXIO-3 mho/m or more
than 10 times threat level.

If one were to go back 10 meters or so, where the air conductivity

‘ in AURORA peak at threat level, the electric fields would be smaller by a

factor of 2 or 3 and the conduction current would be smaller by a factor of 30

| , or so. One can get threat level conduction currents in AURORA but only by
greatly exceeding the threat level air conductivity.
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CONCLUSIONS

As we have seen above, AURORA has many unique capabilities as a

‘ source region simulator. It can produce threat level Compton currents, mag-

netic fields, and conduction currents over moderate size volumes. We have

! ' also seen that its slow rise rate and limited size introduce important devi-

ations from reality, particularly with regards to the electric field strength

and its rise rate. The unmodified AURORA facility has many important uses but

they tend to be fundamental in nature. The physics occurring in AURORA is

basically the same physics that occurs in the threat environment. AURORA

provides an opportunity to verify that we understand that physics and contri-

butes to our confidence that we are computing the correct fields for the

threat case. In many ways AURORA is more complicated than the threat environ-

ment and, in effect, provides an overtest of our predictive capability. The

{ unmodified AURORA has also proven useful for verifying various coupling models,
particularly to short antennas in the presence of ionizing radiation.!?

; The usefulness of the unmodified AURORA for testing the hardness of
; tactical Army systems is severely limited by the slow rise and low intensity
; of the electric field. Both the rise rate and peak intensity are about a

factor of 10 smaller than threat level. For the past several years MRC and
HDL have been studying ways to enhance the electric field in AURORA. The best
- method seems to be to use a low impedance transmission line. HDL has sug-

gested a very promising design although there is some question as to how fast
a rise time can be achieved with existing pulsers.

We feel that the unmodified AURORA should continue to be used to
study the fundamental processes important in source region coupling - both
5 tactical and strategic. For example, studies of the interaction between
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energetic photons and material interfaces could help to increase our ability
to predict coupling in the threat environments, especially where y-thick
objects such as tanks are concerned.

The lack of realistic electric fields in the AURORA test cell force
us to conclude that an auxiliary electric field generation mechanism should be
used in conjunction with the AURORA generated air conductivity and Compton
current for actual hardness testing of tactical army systems such as radios.
The fact that the air conductivity and Compton current rise more slowly than
the threat compromises the realism of the simulation somewhat. However, the
mere fact of their presence adds a dimension of realism not present in other
simulators. .

AURORA is not a panacea for all coupling simulations. First of all
large systems can not be tested in AURORA because of size constraints. Small-
er systems, with dimensions of a meter or so, are well suited for testing in
AURORA. However, the lack of realism, in even a modified AURORA, requires
that any experiments be supported with a strong analysis program to access the
impact of the lack of simulation fidelity.

The cost of doing experiments in AURORA, compared with experiments
in a non-ionizing environment, is very high. One should carefully consider
how much testing can be done without using AURORA to characterize the parti-
cular system of concern. Analysis can then be used to predict the impact of
air conductivity and predict the response in AURORA. One can then conduct a
limited set of experiments in AURORA to verify the analytic models.

Thus we see a modified AURORA as playing a vital role in any tacti-
cal source region hardness verification program. But only as one of several
tools one should use to characterize a particular system. By using the proper
balance of the tools available to it, the Army can achieve a high level of
confidence in its hardness program for a reasonable cost.
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